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ABSTRACT 


The  hypoferremia  which  follows  the  intraperitoneal  injection 
of  mice  with  heat- killed  Salmonella  typhimurium  is  not  mitigated 
by  protection  with  cortisone  given  simultaneously.  A  single 
injection  of  cortisone  causes  a  transient  hyperferremia.  None 
of  these  changes  in  concentration  of  plasma  iron  occurs  when 
mice  are  maintained  in  a  5  C  environment  during  experimental 
treatment. 

The  alteration  in  iron  metabolism  during  endointoxication 
does  not  seem  to  affect  the  availability  of  the  iron- porphyrin 
coenzyme  of  tryptophan  pyrrolase.  An  initial  response  of  mice 
to  inje'ctions  of  endotoxin  or  cortisone  or  both  is  a  translocation 
of  hematin,  and  the  availability  of  hematin  permits  an  increase  in 
tryptophan  pyrrolase  activity  before  the  stress-mediated  induc¬ 
tion  of  the  enzyme  becomes  apparent.  The  increase  in  available 
activator,  with  the  subsequent  decrease  in  amount ‘of  normally 
inactive  apoenzyme,  occurs  at  the  same  rate  and  to  the  same 
extent  in  mice  housed  at  5  C  and  25  C.  It  is  suggested  that 
the  increased  demand  for  an  iron- containing  substance  in  the 
liver  during  stress  contributes  to  the  accompanying  hypofer  3mia. 
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INTRODUCTION 


The  decrease  in  activity  of  liver  tryptophan  pyrrolase  which  accompanies 
endotoxic  poisoning  in  mice  has  been  described  by  Berry  and  Smythe  (1); 

Since  it  has  been  demonstrated  by  Kampschmidt  and  Arrendondo  (2)  that 
endotoxin  alters  iron  metabolism  in  rats,  it  was  considered  possible  that 
the  decrease  in  tryptophan  pyrrolase  activity  was  associated  with  limitations 
in  availability  of  the  iron- porphyrin  coenzyme.  Therefore,  it  was  considered 
relevant  to  investigate  the  relationship  between  changes  in  iron  metabolism 
and  the  availability  to  tryptophan  pyrrolase  of  its  hematin  activator  during 
endointoxication  in  mice.  Since  it  was  known  that  adding  excess  hematin  to 
unfractionated  liver  homogenates  of  mice  increases  tryptophan  pyrrolase 
activity  (3),  earlier  investigations  could  be  extended  to  include  determina¬ 
tions  of  the  degree  of  saturation  of  the  enzyme  with  respect  to  its  cofactor, 
as  well  as  actual  amounts  of  apoenzyme  formed  during  endointoxication  and 
its  alleviation  by  certain  pharmacological  agents.  In  addition,  since  the 
toxic  manifestations  of  endotoxin  appear  to  be  different  in  animals  stressed 
by  cold  (4),  these  investigations  have  included  preliminary  studies  on  iron 
metabolism  and  tryptophan  pyrrolase  activity  during  periods  of  stress 
mediated  by  environmental  temperature. 


II 

METHODS 


Mice.  Female  Swiss- Webster  mice  (Dierolf  Farms,  Boyertown,  Pa.) 
weighing  23-25  gm  were  used  in  all  experiments.  They  were  housed  10  per 
cage,  with  pine  shavings  as  bedding,  in  an  animal  room  held  at  25  ±2  C, 
and  given  water  and  D  and  G  pathogen-free  mouse  food  (Price-Wilhoite  Co., 
Frederick,  Md. )  ad  libitum  until  the  beginning  of  an  experiment.  Tetra¬ 
cycline  antibiotics  (Polyotic,  American  Cyanamide  Co. ,  Princeton,  N.  J.) 
were  added  to  the  drinking  water  for  the  first  two  days  after  arrival  of  the 
mice  from  the  dealer.  The  drinking  water  was  free  of  antibiotics  at  least 
one  week  before  the  mice  were  used  experimentally. 

Experimental  infection  and  treatment.  Endotoxin  was  in  the  form  of  a 
saline  suspension  of  heat- killed  Salmonella  typhimurium,  strain  SR- 11,  as 
described  previously  (1).  The  dry  weight  of  the  suspension  was  5.  7  mg  per 
ml.  One  LD,.q  (9. 1  pg  at  5°  C,  0.  91  mg  at  25°  C,  and  3.  8  pg  at  37°  C)  was 
given,  unless  noted  otherwise. 


1 


Substances  to  be  injected  were  diluted  with  nonpyrogenic  saline  (Baxter 
Laboratories,  Morton  Grove,  Ill. ).  All  injections  were  given  in  a  volume  of 
0.  5  ml.  Cortisone  acetate  (United  Research  Laboratories,  Inc.,  Philadelphia, 
Pa. )  and  adenosine  triphosphate  (ATP)  (Sigma  Chemical  Co.,  St.  Louis,  Mo. ) 
were  given  in  5  mg  amounts.  Cortisone  was  given  subcutaneously;  all  other 
injections  were  given  intraperitoneally. 

The  mice  were  deprived  of  food  and  water  from  the  beginning  of 
experimental  treatment. 

Environmental  studies.  Mice  to  be  exposed  to  an  environmental  tempera¬ 
ture  different  from  that  in  which  they  were  routinely  maintained  were  placed 
in  a  Modu-Lab  Room  (Labline,  Inc. ,  Chicago,  Ill. )  at  the  desired  tempera¬ 
ture  (5  C  or  37  C)  immediately  after  injection.  The  relative  humidity  was 
maintained  at  30%.  The  mice  were  protected  from  drafts  by  covering  the 
draft- exposed  area  of  the  incubator  shelves  with  plastic  sheeting. 

Determination  of  plasma  iron  and  copper.  Plasma  iron  and  copper  were 
determined  by  the  method  of  Landers  and  Zak  (5),  with  the  following  modifica¬ 
tions.  Each  determination  was  performed  on  pooled  plasma  from  five  identi¬ 
cally  treated  mice,  the  blood  of  which  was  obtained  by  supraorbital  b1  eding. 
After  heating  the  plasma  with  N-HC1,  1.0  ml  of  10%  trichloroacetic  cid  was 
added  and  the  resulting  precipitate  removed  by  centrifugation  at  9000  X  g  for 
15  minutes. 

Determination  of  liver  iron  and  copper.  Immediately  after  removal  of 
blood  by  supraorbital  bleeding,  the  liver  was  removed  to  the  surface  of  dry 
ice  and  subsequently  stored  in  a  freezer.  Aliquots  (0. 1  gm)  from  five  livers 
were  pooled  and  homogenized  in  water  with  a  Teflon  and  Pyrex  homogenizer. 
Tissue  adhering  to  the  homogenizer  was  washed  into  the  homogenizing  tube 
with  5  ml  water.  Of  the  resulting  suspension,  5  ml  was  transferred  to  a 
polypropylene  centrifuge  tube  and  2.  5  ml  N-HC1  added  and  mixed.  An  aliquot 
of  the  remaining  homogenate  was  used  for  the  determination  of  dry  weight. 

The  homogenate-HCl  mixture  was  heated  in  a  95  C  water  bath  for  10  minutes 
and  subsequently  cooled  in  tap  water.  The  resulting  precipitate  was  removed 
by  centrifugation  at  270  X  g  for  15  minutes.  A  1. 5  ml  aliquot  of  the  super¬ 
natant  fluid  was  removed  to  a  polypropylene  centrifuge  tube  and  treated  as 
for  the  determination  of  plasma  iron  and  copper  after  the  plasma  had  been 
heated  with  N-HC1. 

Distilled  water  which  had  been  passed  through  a  research  model  de-ionizer 
(Illinois  Water  Treatment  Co.,  Rockford,  Ill.)  was  used  in  all  determinations 
of  ivon  and  copper. 

Determination  of  tryptophan  pyrrolase  activity.  Tryptophan  pyrrolase  was 
determined  by  the  method  of  Knox  and  Auerbach  (6)  as  modified  for  mice  by 
Berry  and  Smythe  (1).  Further  modifications  were  as  follows.  Each  liver 
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homogenate  was  assayed  for  tryptophan  pyrrolase  activity  with  and  without 
the  addition  of  5.  0  pM  hematin,  which  was  made  immediately  before  use  by 
dissolving  twice- crystallized  bovine  hemin  (Sigma  Chemical  Co. )  in  dilute 
sodium  hydroxide.  The  flasks  containing  the  reaction  mixture  were  incubated 
at  38  C  in  a  table  model  water  bath  shaker  (Eberbach  Corp.,  Ann  Arbor, 
Mich. )  equipped  with  a  hood  for  controlled  atmosphere.  Oxygen  was  added 
during  the  first  5  minutes  of  incubation,  after  which  the  outlets  of  the  hood 
were  opened  to  room  environment.  The  neutralized  filtrate  was  clarified  by 
centrifugation  at  20,  000  X  g  for  15  minutes. 

The  activity  of  tryptophan  pyrrolase  without  the  addition  of  excess  hematin 
is  considered  to  be  indicative  of  in  vivo  holoenzyme  activity  and  is  therefore 
referred  to  as  the  "active"  apoenzyme.  The  addition  of  excess  hematin 
reveals  the  additional  amount  of  apoenzyme  which  is  potentially  active  and  is 
therefore  referred  to  as  "total"  apoenzyme.  The  difference  in  activity  with 
and  without  the  addition  of  excess  activator  is  considered  to  be  a  measure  of 
the  amount  of  "inactive"  apoenzyme  in  the  liver  homogenate. 


HI 

RESULTS 

Plasma  iron  and  copper.  The  changes  in  plasma  iron  during  endointoxica- 
tion  and  treatment  with  cortisone  are  shown  in  Figure  1.  Plasma  iron  is  lost 
rapidly  during  the  first  6  hours  after  administration  of  one  LD  of  heat- killed 
Salmonella  typhimurium.  This  decrease  in  iron  concentration  "becomes  sig¬ 
nificant  during  the  first  2  hours  of  endotoxic  poisoning.  In  contrast,  there  is 
a  rise  in  plasma  iron  during  the  first  4  hours  after  injection  of  cortisone.  The 
administration  of  cortisone  concurrently  with  endotoxin  fails  to  prevent  the 
loss  of  plasma  iron  associated  with  endointoxi cation. 

Copper,  which  catalyzes  the  formation  of  heme  from  protoporphyrin  and 
iron,  increases  in  the  plasma  with  infections  which  result  in  hypoferremia. 

(7) .  As  shown  in  Table  I,  a  significant  decrease  in  copper  during  the  first 

4  hours  is  followed  by  an  increase  at  6  hours.  The  increase  in  copper  is  less 
in  mice  given  endotoxin;  all  other  groups  show  a  more  pronounced  hyper- 
cupremia. 

The  concurrent  injection  of  5  mg  of  ATP  protects  against  the  lethal  effects 
of  endotoxin.  Only  one  mouse  out  of  ten  given  2  X  LD^q  (!•  82  mg)  of  endo¬ 
toxin  survived  for  24  hours,  in  contrast  to  seven  survivors  out  of  ten  which 
were  given  ATP  concurrently:  P  =  0.  022  by  the  rank  order  test  of  Wilcoxon 

(8) .  As  shown  in  Table  II,  ATP  fails  to  prevent  the  loss  of  plasma  iron 
associated  with  endointoxication. 
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FIGURE  1 

Effect  of  endotoxin  and  cortisone,  together  and 
separately,  on  pie  ma  iron  concentration  of  mice. 
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EFFECT  OF  ENDOTOXIN  ON  PLASMA  COPP 


TABLE  II 


EFFECT  OF  ATP  ON  PLASMA  IRON 


4  Hours  after  Injection  of 

Iron  (pg  '  nl  plasma) 

ATP,  5  mg 

2.  3* 

(2)** 

Saline,  0.  5  ml 

3.  1 

(7) 

Endotoxin,  LDcn  (0.91  mg) 

1.5 

(8) 

Endotoxin  and  ATP 

1.5 

(3) 

*  Mean 

**  Each  determination  is  pool  of  five  mice. 

Mice  exposed  to  5°  C  immediately  following  experimental  treatment  show 
no  changes  in  either  plasma  iron  (Table  III)  or  copper  levels  during  the  first 
4  hours,  which  is  the  time  when  the  lethal  manifestations  of  endotoxin 
poisoning  become  apparent.  (Number  of  survivors /number  injected:  saline, 
41/44;  endotoxin,  38/54;  cortisone,  39/40;  cortisone  and  endotoxin,  37/41.) 

Liver  iron  and  copper.  As  showu  in  Table  IV,  significant  differences 
in  iron  content  could  not  be  detected  in  liverB  of  normal  and  endointoxicated 
mice  by  the  method  employed.  However,  there  is  a  significant  decrease  in 
liver  copper  in  poisoned  mice. 

Tryptophan  pyrrolase  activity.  Tables  V  and  VI  show  the  active,  total 
and  inactive  tryptophan  pyrrolase  activity  in  liver  homogenates  from  mice 
which  have  been  injected  with  saline,  endotoxin,  cortisone  and  both  endo- 
toxin  and  cortisone.  The  injection  of  saline  alone  results  in  an  increase  in 
the  total  amount  of  apoenzyme  17  hours  after  injection;  there  is  little  change 
ir.  amount  of  active  tryptophan  pyrrolase.  The  increase  in  total  tryptophan 
pyrrolase  ol  saline-injected  mice  is  small,  however,  as  compared  to 
uninjected  controls.  At  the  end  of  17  hours,  mice  given  endotoxin  have  only 
half  as  much  active  and  total  tryptophan  pyrrolase  as  mice  given  saline. 
Similarly,  the  induction  of  tryptophan  pyrrolase  by  cortisone  is  limited 
by  endotoxin  (Table  VI).  In  mice  given  concurrent  injections  of  cortisone 
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TABLE  III 


EFFECT  OF  ENDOTOXIN  ON  PLASMA  IRON  FOLLOWING 
EXPOSURE  OF  MICE  TO  5°  C  and  25°  C 


4  Hours  after  Injection  of 

Iron  (pg/ml  plasma) 

5"  C 

25°  C 

Saline,  0.  5  ml 

2.7  ±  0.  2* 

3. 1  ±  0. 5 

(7) 

(7) 

Endotoxin,  LD^** 

2.6  ±  0. 1 

1. 5  ±  0.4 

(7) 

(8) 

Cortisone,  5  mg 

2.8  ±  0.2 

3.8  ±  0.3 

(7) 

(8) 

Cortisone  and  endotoxin 

2.6  ±  0. 1 

1.8  ±  0.4 

_ m _ 

_ 1 _ 

*  Mean  ±  standard  error 

**  5°  LD50  (9. 1  pg).  25°  LD50  (0.  91  mg) 


TABLE  IV 


EFFECT  OF  ENDOTOXIN  ON  LIVER  IRON  AND  COPPER 


17  Hours  after  Injection  of 

Iron  (pg/gm  liver) 

Copper  (pg/gm  liver) 

Saline,  0.  5  ml 

141. 5  *  16. 7* 

35.0  ±  1.7 

(4)** 

(4) 

Endotoxin,  LD^  (0.91  mg) 

166.2  ±  12. 1 

27.  5  i  0.9 

(4) 

(4) 

N.S.*** 

0.02  <P>  0.01**** 

*  Mean  ±  standard  error 

**  (Each  determination  is  pool  of  five  mice. ) 

***  Not  statistically  significant 

****  "t"  test  of  lignificance 
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EFFECT  OF  ENDOTOXIN  ON  TRYPTOPHAN  PYRROLASE  ACTIVITY  OF  MICE 
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TABLE  VI 


EFFECT  OF  CORTISONE  ON  TRYPTOPHAN  PYRROLASE 
ACTIVITY  OF  ENDOINTOXICATED  MICE 
_  t _ 


Activity  of  Tryptophan  Pyrrolase  Apoenzyme 


(uM  kynurenine/g 

m  liver/hr) 

Hours  after 

Cortisone 

Cortisone  and  Endotoxin 

Injection 

(5  mg) 

(5  mg) 

'LD50> 

Active 

Total 

Active 

Total 

2 

16.  2±  1.7* 

23.3  ±2.0 

15.  2  ±  2.0 

20.2  ±  1.7 

(8) 

44%** 

(8) 

33% 

4 

22. 1  ±  2.  3 

28.8  ±3.7 

16. 8±  1.8 

19.  5  ±  2. 1 

(10) 

30% 

(10) 

16% 

6 

44.2  ±  3.6 

71.1  ±3.8 

27. 1  ±  3. 5 

36.6  ±  5.  3 

(10) 

61% 

(10) 

16% 

17 

31. 3  ±  1. 8 

74. 1  ±  5.4 

13. 4±  1.1 

34.8  ±4.0 

(6) 

137% 

(6) 

160% 

*  Mean  ±  standard  error 
**  Percent  increase 


and  endotoxin,  the  amount  of  tryptophun  pyrrolase  increases  significantly 
during  the  first  6  hours  after  injection;  but,  again,  after  17  hours  there  is 
only  half  as  much  active  and  total  tryptophan  pyrrolase  as  in  mice  given 
cortisone  only.  Tables  V  and  VI  also  show  the  percent  increase  in  activity 
when  excess  activator  is  added  to  the  homogenate. 

The  increase  in  active  apoenzyme  of  endointoxic&ted  mice  at  2  hours 
(Table  V),  without  an  accompanying  change  in  amount  of  total  apoenzyme, 
demonstrates  an  increased  availability  of  intracellular  hematin  to  the  existing 
apoenzyme.  Only  a  significant  change  in  active  apoenzyme  level  without  a 
concomitant  increase  in  total  ape  enzyme  can  be  interpreted  as  indicating 
changes  in  coenzyme  levels.  Therefore,  conclusions  relating  availability  of 
coenzyme  to  the  change  in  enzyme  activity  with  addition  of  exces  j  activator 
cannot  be  made  once  changes  in  both  active  and  total  apoenzyme  begin  to 
occur;  i.e.,  after  2  hours.  However,  proportional  considerations  can  be 
obtained  by  determining  the  percent  of  die  total  tryptophan  pyrrolase  activity 


which  is  inactive  during  experimental  treatment.  The  'results  of  these  calcu¬ 
lations  are  shown  in  Tables  VII  and  X.  It  can  be  seen  that  merely  injecting 
the  animals  with  saline  ultimately  results  in  a  change  from  the  normal  propor¬ 
tion  of  apoenzyme  and  holoenzyme.  This,  however,  occurs  later  than  in 
animals  subjected  to  the  superimposed  stresses  of  endotoxin  and/or  cortisone 
injections.  The  change  in  percent  of  inactive  enzyme  during  experimental 
treatment  is  transient;  the  rapidity  with  which  it  appears,  as  well  as  the  dura¬ 
tion  of  its  persistence,  seems  to  be  related  to  the  magnitude  of  stress. 


TABLE  VII 

EFFECT  OF  EXPERIMENTAL  TREATMENT  ON 
ACTIVATION  OF  TRYPTOPHAN  PYRROLASE 


Hours  after 
Injection 

Percent  of  Total  Tryptophan  Pyrrolase  Which  Is  Inactive 

Control 

Saline 
(0.  5  ml) 

Endotoxin 

'“bo* 

Cortisone 
(5  mg) 

'"ortisone  and 
Endotoxin 

0 

52 

2 

51 

49 

27 

30 

25 

4 

60 

35 

23 

23 

14 

6 

53 

50 

25 

38 

26 

17 

53 

56 

53 

58 

61 

Determination  of  tryptophan  pyrrolase  activity  in  livers  of  mice  which 
were  maintained  at  5  C  immediately  following  experimental  treatment 
demonstrates  that  the  stress  of  cold  alone  results  in  increased  levels  of 
tryptophan  pyrrolase  (Table  VIII).  This  stress-mediated  induction  is  not 
prevented  by  endotoxin;  however,  the  rate  at  which  it  occurs  is  rxower  in 
poisoned  mice.  As  shown  in  Tables  VIII  and  IX,  there  are  no-  significant 
differences  in  levels  of  active  enzyme  or  levels  of  inactive  enzyme  among  the 
experimental  groups  at  6  hours,  the  time  at  which  the  lethal  effects  o/  endo¬ 
toxin  are  demonstrable.  Cortisone  alone  stimulates  the  induction  of  trypto¬ 
phan  pyrrolase  in  cold- exposed  mice  to  a  level  higher  than  in  mice  given 
saline;  however,  endotoxin  does  not  inhibit  induction  as  it  does  in  mice  kept 
at  25°  C  (Table  IX).  There  are  no  significant  differences  in  tryptophan  pyr¬ 
rolase  activity  of  cold-exposed  mice  given  cortisone  alone  or  with  endotoxin. 
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In  addition,  the  changes  in  levels  of  inactive  apo enzyme  following  experi- 
mental  treatment  are  the  same  in  mice  exposed  to  5  C  as  those  kept  at  25  C 
(Table  X). 


TABLE  VIII 

EFFECT  OF  ENDOTOXIN  ON  TRYPTOPHAN  PYRROLASF 
ACTIVITY  OF  MICE  EXPOSED  TO  5°  C 


Activity  of  Tryptophan  Pyrrolase  Apoenzyme 
(uM  kynurenine/gm  liver /hr) 

Hours  after 

Saline 
(0.  5  ml) 

Endotoxin 

<LD50) 

Injection 

Active 

Total 

Active 

Total 

2 

15. 1  ±  1.8* 

(4) 

22. 4±  2.2 
48%** 

12.7  ±  1.8 
(4) 

17.  3  ±  3.  1 
36% 

4 

17. 9±  1.6 
(6) 

30.  4  ±  3.8 
70% 

15.0  ±  3.  4 
(6) 

20.9  ±  5.  1 
39% 

6 

29.  2  ±  4.5 
(4) 

43.  4  ±  8.2 
49% 

24.  4  ±  2.9 
(8) 

34.8  ±  7.0 
43% 

*  Mean  ±  standard  error 
**  Percent  increase 

o 

Preliminary  experiments  on  mice  exposed  to  a  37  C  environment  indicate 
that  tryptophan  pyrrolase  induction  is  simulated  by  heat  stress;  however,  this 
induction  is  inhibited  in  endotoxin- pois on e  1  mice.  Table  XI  shows  a  compar¬ 
ison  between  amounts  of  total  apoenzyme  in  mice  maintained  at  three  different 
environmental  temperatures  used  in  these  studies.  After  6  hours  at  5  C  and 
25  C  there  is  no  significant  difference  between  the  total  amount  of  enzyme 
activity  in  endointoxicated  mice  and  their  respective  controls;  however,  at 
37  C  endotoxin  has  inhibited  induction  of  the  enzyme. 

Table  XII  shows  the  activity  of  tryptophan  pyrrolase  in  mice  protected  from 
the  lethal  effects  of  endotoxin  by  ATP.  There  are  no  differences  between 
either  the  active  apoerzyme  or  the  total  enzyme  of  mice  17  hours  after 
injections  of  endotoxin  alone  or  with  ATP. 
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TABLE  IX 

EFFECT  OF  CORTISONE  ON  TRYPTOPHAN  PYRROLASE 
ACTIVITY  ON  ENDOINTOXICATED  MICE  EXPOSED  TO  5°  C 


Activity  of  Tryptophan  Pyrrolase  Apoenzyme 
_ fcM  kynurenine/gm  liver/hr) _ 


Hours  after 
Injection 

Cortisone 
(5  mg) 

Cortisone  and  Endotoxin 
(5  mg)  (LD5q)  j 

Active 

Total 

Active 

Total 

2 

12.2  ±  1.5* 

17.8  ±3.0 

10.  3*1.5 

14.  9  ±3.1  j 

(4) 

47%** 

(4) 

46%  | 

4 

22.  4  ±  2.5 

34.  5  ±  4.  5 

13.  9  ±  2.9 

18.6  ±3.1 

(6) 

54% 

(5) 

34%  j 

[ 

6 

39.3  ±  4.2 

68.0  ±  5. 1 

36.  9  ±  9. 1 

59.8  ±  18.4 

_ (11 _ 

73% 

_ in _ 

62% 

*  Mean  ±  standard  error 
**  Percent  increase 


TABLE  X 

EFFECT  OF  EXPERIMENTAL  TREATMENT  ON  ACTIVATION 
OF  TRYPTOPHAN  PYRROLASE  OF  MICE  EXPOSED  TO  5°  C 


Percent  of  Total  Tryptophan  Pyrrolase  Which  is  Inactive 


Hours  after 
Injection 

Saline 
(0.  5  ml) 

Endotoxin 

<LD50> 

Cortisone 
(5  mg) 

Cortisone  and 
Endotoxin 

2 

48 

27 

31 

31 

4 

41 

28 

35 

25 

6 

33 

33 

42 

38 

TABLE  XI 


EFFECT'  OF  ENDOTOXIN  ON  TRYPTOPHAN  PYRROLASE 
ACTIVITY  OF  MICE  EXPOSED  TO  5°,  25°  and  37°  C 


6  Hours  after  Injection  of 

Tryptophan  Pyrrolase  Activity 
(Total  Apoenzyme) 

(wM  kynurenine/gm  liver  /hr) 

5°  C 

25°  C 

37°  C 

Saline,  0.  5  ml 

43.4  ±  8.2* 
(4) 

31.8  ±  2.  3 
(10) 

29.  3  ±  10.6 
(5) 

Endotoxin** 

34.8  ±7.0 
(8) 

N.S.*** 

24.  4  ±  1.9 
(10) 
N.S. 

14.6  ±  2.2 
(5) 

0.  02<P>0.  01**** 

*  Mean  ±  standard  error 

**  5°  LD50  (9. 1  pg),  25°  LD50  (0.91  mg),  37°  LD50  (3.  8  pg) 

***  N.S.  =  not  statistically  significant 
****  'T'  test  of  significance 


TABLE  XII 

EFFECT  OF  ATP  ON  TRYPTOPHAN  PYRROLASE 

ACTIVITY  IN  ENDOINTOXICATED  MICE 

17  Hours  after  Simultaneous 

Tryptophan  Pyrrolase  Activity 
(pM  kynurenine/gm  liver/hr) 

Injections  of 

Active  Apoenzyme  Total  Apoenzyme 

ATP  (5  mg)  and  saline 

21.2* 

50.3 

(0.5  ml) 

(2) 

Endotoxin  (LD _ )  and  saline 

50' 

13.7 

(2) 

25.2 

Endotoxin  and  ATP 

10.5 

21.0 

(4) 

*  Mean 
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IV 


DISCUSSION  f 

I 

It  has  been  known  for  some  time  that  hypoferremia,  accompanied  by  an  j 

increase  in  plasma  copper,  develops  very  early  in  association  with  infec¬ 
tion  (7).  Recently,  Kampschmidt  and  Arrendondo  (2)  demonstrated  a  rapid 
decrease  in  the  plasma  iron  concentration  of  rats  which  had  been  injected 
with  endotoxin  and  suggested  that  endotoxin  blocked  the  transport  of  iron  from 
recently  destroyed  erythrocytes  into  the  plasma.  Freireich  et  al  (9)  had  pro- 
posed  previously  that  inflammation  interferred  with  the  normal  mechanism  of 
catabolism  and  reutilization  of  erythrocyte  iron,  which  resulted  in  a  decrease 
of  serum  iron  concentration.  Our  studies  on  the  hypoferremia  which  accom¬ 
panies  endointoxicatioh  have  been  extended  to  include  changes  in  plasma  iron  j 

concentration  which  occur  during  protection  of  mice  with  cortisone.  We  have 
shown  that  a  single,  large  dose  of  cortisone  causes  a  rapid  and  transient 
hyperferremia  in  mice.  Kumar  et  al.  (10)  and  Cartwright  et  al.  (11)  have  ? 

reported  that  blocking  of  the  reticuloendothelial  system  (RES)  resulted  in  a  j 

marked  hyperferremia.  It  has  also  been  shown  by  Heller  (12)  and  Biozzi  \ 

et  al.  (13)  that  cortisone  reduces  the  normal  phagocytic  activity  of  the  RES.  1 

Therefore,  it  could  be  anticipated  that  a  hyperferremia  would  follow  an  injec-  j 

tion  of  cortisone.  Kumar  et  al.  (10)  suggested  that  some  portion  of  the  non-  j 

hemoglobin  iron  of  blood  is  deviated  to  the  reticuloendothelial  (RE)  cells  \ 

under  normal  physiological  conditions  and  that  blocking  these  cells  inteferred  ’ 

with  their  propensity  to  accept  iron,  which  resulted  in  hyperferremia.  It  j 

thus  followed  that  if  the  reticuloendothelial  cells  utilize  iron  for  their  function,  ] 

a  greater  requirement  for  iron  would  occur  in  conditions  associated  with 
increased  RE  cell  activity.  This  interpretation  is  supported  by  the  work  of 
Cartwright  et  al.  (11),  which  suggests  that  the  hypoferremia  accompanying 
sterile  inflammation  results  from  increased  activity  of  the  RES.  Therefore, 
since  the  host' s  defense  against  endotoxin  depends,  in  part,  upon  a  functional. 

RES  (14),  it  would  seem  logical  to  conclude  that  the  hypoferremia  associated 
with  endointoxication  is  related  to  more  demanding  requirements  for  iron  by 
the  cells  of  the  RES.  It  has,  in  fact,  been  shown  that  iron  accumulates  in  the 
RES  during  mild  infections  in  mice,  a  finding  which  was  interpreted  as 
indicating  that  infection  stimulates  the  RES  to  store  iron  (15). 

The  concurrent  injection  of  endotoxin  and  cortisone  seems  to  represent  a 
situation  where  the  activity  of  the  RES  is  depressed  by  the  action  of  cortisone 
at  the  time  when  maximum  activity  would  seem  essential  for  the  uptake  of 
endotoxin.  Biozzi  et  al.  (13)  had,  in  fact,  observed  that  the  stimulating 
effect  of  killed  typhoid  bacilli  on  the  phagocytic  activity  of  the  RES  was 
greatly  reduced  by  treatment  with  cortisone.  Therefore,  one  would  expect 
that  the  presence  of  excess  cortisone  in  an  endointoxicated  animal  would 
prevent  the  decrease  in  plasma  iron  concentration.  This,  however,  was  not 
the  case,  for  plasma  iron  decreased  at  the  same  rate  in  mice  given  cortisone 
and  endotoxin  as  in  mice  given  endotoxin  only.  In  the  experiments  described 
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in  this  report,  cortisone  was  given  subcutaneously,  and  endotoxin  was  admin¬ 
istered  intraperitoneally.  The  latter  route  of  injection  assures  faster  absorp¬ 
tion;  therefore,  endotoxin  would  presumably  reach  the  cells  of  the  RES  before 
cortisone  could  exert  its  inhibitory  effect.  Such  an  explanation  is  supported 
by  the  finding  that  exposure  to  cold  negates  the  changes  in  plasma  iron  con¬ 
centration  of  mice  given  endotoxin,  cortisone,  or  both.  An  initial  response 
to  the  stress  of  cold  would  probably  be  an  increased  secretion  of  cortisone, 
which  would  decrease  the  activity  of  the  RES  and,  consequently,  its  iron 
requirements.  Without  this  increased  demand  for  iron,  the  concentration  of 
nonhemoglobin  iron  in  the  plasma  would  therefore  remain  unchanged. 

The  route  of  injection  of  endotoxin  often  determines  the  metabolic  response 
of  the  host.  For  example,  Cartwright  et  al.  (16)  found  that  a  commercial 
typhoid  (triple)  vaccine  given  intramuscularly  failed  to  produce  hypoferremia 
in  dogs.  Biozzi  et  al.  (13)  found  that  a  single  large  injection  of  heat-killed 
Salmonella  typhi  or  endotoxin  given  intravenously  caused  a  transient  depres¬ 
sion  of  the  phagocytic  activity  of  the  RES,  whereas  the  same  amount  of  bacilli 
subcutaneously  resulted  in  a  stimulation  of  the  RES. 

The  alteration  in  iron  metabolism  during  endointoxication  does  not  seem 
to  include  a  limitation  of  the  available  iron- porphyrin  activator,  or  coenzymie, 
of  tryptophan  pyrrolase.  Indeed,  there  is  an  increase  in  available  hematin 
following  injection  of  endotoxin,  cortisone  or  both.  This  immediate  intra¬ 
cellular  translocation  of  hematin  may,  however,  represent  an  additional 
demand  for  iron,  the  replacement  of  which  must  ultimately  find  its  source  in 
the  plasma  reservoir  and  thus  contribute  to  hypoferremia. 

Kawachi  (17)  found  no  correlation  between  lowered  plasma  iron  concentra¬ 
tion  and  decreased  tryptophan  pyrrolase  activity  which  occurred  during  the 
course  of  several  weeks  after  inoculation  of  rats  with  Rhodamine  fibro¬ 
sarcoma.  He  concluded  that  the  depressed  tryptophan  pyrrolase  activity 
reflected  a  decreased  amount  of  apoenzyme  in  the  supernatant,  but  was 
affected  somewhat  by  a  slight  decrease  in  amount  of  available  activator. 

The  delayed  occurrence  of  increased  activation  of  tryptophan  pyrrolase  in 
mice  injected  with  saline  alone  suggests  that  this  phenomenon  may  be,  in 
part,  a  response  to  the  stress  of  injection;  however,  the  magnitude  of  str'ess 
imposed  by  administration  of  a  lethal  toxin  and/or  a  potent  pharmacological 
agent  results  in  a  more  immediate  response.  In  no  instance  does  there 
appear  to  be  a  limitation  in  availability  of  co enzyme.  Even  though  the 
enzyme  is  normally  only  partially  saturated  with  its  coenzyme,  there  is 
apparently  an  available  source  of  activator  which  is  utilized  in  response  to 
stress.  The  presence  of  excess  apoenzyme,  which  can  be  readily  activated 
following  the  translocation  of  hematin,  would  certainly  represent  a  much 
more  metabolically  economical  device  for  increasing  enzyme  activity  without 
increasing  the  rate  of  its  synthesis  during  physiologies!  emergencies.  Wh~n 
protein  anabolism  is  possible,  greater  or  more  persistent,  stress  would 
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stimulate  increased  tryptophan  pyrrolase  synthesis  through  hormone- 
mediated  induction  and  thus  provide  continuing  assistance  toward  the  main¬ 
tenance  of  metabolic  equilibrium. 

The  changes  in  activator  levels  which  occur  early  in  the  course  of  experi¬ 
mental  treatment  are  transient;  within  17  hours  after  injection,  the  proportion 
of  coenzyme  to  apoenzyme  has  returned  to  normal.  In  addition,  these  trans¬ 
itory  changes  seem  to  persist  in  relationship  to  the  magnitude  of  stress, 
since  only  those  animals  given  saline  alone  have  normal  activator  levels  as 
early  as  6  hours  after  injection. 

That  the  tryptophan  pyrrolase  of  unfractionated  liver  homogenates  of  mice 
is  normally  only  partially  saturated  with  its  coenzyme  represents  a  contrast 
to  the  near-optimal  amounts  of  activator  available  in  rat  liver  homogenates 
(18).  In  the  mouse,  this  may  represent  a  seasoned  variation,  for  the  rather 
consistent  increase  in  tryptophan  pyrrolase  activity  with  the  addition  of 
excess  activator  demonstrable  during  the  winter  months  became  unpredictable 
and  extremely  variable  during  warm  weather.  It  is  more  likely,  however, 
that  this  change  in  response  represents  inherent  limitations  in  the  assay  of 
tryptophan  pyrrolase  in  unfractionated  liver  homogenates  of  mice,  since  there 
is  often  no  increase  in  activity  with  the  addition  of  excess  hematin  in  experi¬ 
ments  where  liver  homogenates  from  identically  treated  animals  show  the 
expected,  or  often  less,  increase  in  activity.  Further  studies  are  being  con¬ 
ducted  on  the  assay  of  tryptophan  pyrrolase  in  livers  of  mice,  in  hopes  of 
eliminating  this  inexplicable  inconsistency.  Since  the  measure  of  available 
activator  concentration  is,  by  the  existing  assay,  an  indirect  one,  it  limits 
the  interpretation  of  data  to  that  of  trends,  rather  than  facts,  and  serves  as 
a  guide  for  continuing  investigations. 

Mice  exposed  to  cold  immediately  after  injection  of  endotoxin  arc  *..-,pable 
of  inducing  tryptophan  pyrrolase.  As  suggested  by  the  negation  of  plasma 
iron  changes  under  identical  conditions,  this  lack  of  depression  of  tryptophan 
pyrrolase  activity  by  endotoxin  may  indicate  an  elevation  of  endogenous 
cortisone  to  a  protective  level  before  inhibitory  amounts  of  endotoxin  can  be 
absorbed.  The  administration  of  excess  cortisone  results  in  a  greater  degree 
of  induction  in  a  5  C  environment.  Endotoxin  injected  with  cortisone  under 
these  conditions  retards  the  rate  of  induction  but  not  its  eventuality.  While 
the  effect  of  endotoxin  on  tryptophan  pyrrolase  activity  of  mice  in  the  cold  is 
apparently  different  (19),  the  initial  increase  in  activation  of  tryptophan 
pyrrolase  is  the  same  regardless  of  environmental  temperature. 

Preliminary  experiments  on  the  response  of  mice  to  endotoxin  during  heat 
stress  suggest  that  in  vivo  tryptophan  pyrrolase  activity  is  depressed.  In 
addition,  this  inhibition  occurs  sooner  than  in  mice  kept  at  25  C. 

The  decrease  in  plasma  iron  concentration  and  in  tryptophan  pyrrolase 
activity  of  mice  protected  from  the  lethal  effects  of  endotoxin  by  simultaneous 
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injections  of  ATP  reflects  again  the  inability  of  a  protective  compound  to 
alter  the  course  of  the  described  metabolic  changes  associated  with  endo- 
intoxication.  This  suggests  that  the  symptomology  of  endointoxication  may 
yet  be  far  removed  from  the  actuality  of  events  which  either  assure  a  prog¬ 
nosis  of  fatality  or  contribute  to  native  resistance  and  pharmacologically 
mediated  protection. 
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ruACT  1'Ke  hypoferremia  which  follows  the  intraperitoneal  injection  of  mice 
with  heat-killed  Salmonella  typhimurium  is  not  mitigated  by  protection  with 
cortisone  given  simultaneously.  A  singleJjnjection  of  cortisone  causes  a  tran¬ 
sient  hyperferremia.  None  of  these  changes  in  concentration  of  plasma  iron 
occurs  when  mice  are  maintained  i..  a  5W  C  environment  during  experimental 
treatment.  The  alteration  in  iron  metabolism  during  endointoxi cation  does  not 
seem  to  affect  the  availability  of  the  iron-porphyrin  coenzyme  of  tryptophan 
pyrrolase.  An  initial  response  of  mice  to  injections  of  endotoxin  or  cortisone 
or  both  is  a  translocation  of  hematin,  and  the  availability  of  hematin  permits  an 
increase  in  tryptophan  pyrrolase  activity  before  the  stress-mediated  induction  of| 
the  enzyme  becomes  apparent.  The  r  crease  in  available  activafipi  with  the 
subsequent  decrease  in  amount  of  normally  inactive  aoronzyme, /occurs  at  the 
same  rate  and  to  the  same  extent  in  mice  housed  at  5  C  and  25  C.  It  is 
suggested  that  the  increased  demand  for  an  iron- containing  substance  in  the 
liver  during  stress  contrib-  es  to  the  accompanying  hypoferremia^ 
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